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Membrane Selectivity Determines Energetic Losses for Ion
Transport in Bioelectrochemical Systems
Tom H. J. A. Sleutels,*[a] Annemiek ter Heijne,[b] Philipp Kuntke,[a] Cees J. N. Buisman,[a, b] and
Hubertus V. M. Hamelers[a]
Ion transport through ion exchange membranes in Bioelectro-
chemical Systems (BESs) is different from other electrochemical
cells as a result of the complex nature of the electrolyte, as the
electrolytes in BESs contain many other cations and anions
than H+ and OH. Moreover, these other cations and anions are
generally present in high concentrations and therefore deter-
mine the ion transport through the membrane. In this work, we
provide a theoretical framework for understanding ion trans-
port across ion exchange membranes in BESs. We show that
the transport of cations and anions other than H+ and OH
determines the pH gradient between anode and cathode, and
on top of that, also determines the membrane potential.
Experimental data for microbial electrolysis cells with cation
and anion exchange membranes are used to support the
theoretical framework. In case of cation exchange membranes,
the total potential loss consists of both the pH gradient and
the concentration gradient of other cations, while in case of
anion exchange membranes, the total potential loss is lower
because part of the pH gradient loss can be recovered at the
membrane. The presented work provides a better theoretical
understanding of ion transport through ion exchange mem-
branes in general and in BESs specifically.
Introduction
Bioelectrochemical Systems (BESs) are an emerging technology
for the recovery of energy from wastewater, the production of
chemicals from electrical current, storage of energy in acetate
and the recovery of resources like for example recovery of
ammonia.[1–6] The basis of these technologies is the separation
of the oxidation and reduction reaction where either one or
both are catalyzed by microorganisms. At the anode an
oxidation reaction takes place where both electrons and
protons are produced. At the cathode, these protons can be
consumed again in the reduction reaction. To compensate for
the negative charge in the form of electrons that are produced
at the anode and consumed at the cathode, ions have to travel
through the electrolyte to maintain electroneutrality. Several
ion exchange membranes (IEMs) have been tested for their
suitability to transport specific ions selectively. For example,
when protons are produced at the anode and consumed at the
cathode a cation exchange membrane (CEM) is used to allow
the protons to be transported from anode to cathode. Of
course, this transport of ions goes at the expense of energy
since it introduces an additional resistance for ion transport.
Therefore, it has often been proposed that this separator can
be omitted to allow ions to travel more freely form the anode
to cathode or vice versa.[7–9] However, in many cases the
inclusion of such an ion exchange membrane (IEM) offers
benefits over its omission; It offers the possibility to keep
anolyte, which in many cases is wastewater, and catholyte,
where a pure product can be produced, separated.[10,11] Next to
this substrate/product separation, a higher Coulombic effi-
ciency can be achieved, which is a requirement for BESs to
become practically applicable for example as a wastewater
treatment technology.[12,13] Also, the use of a membrane offers
the additional benefit of separating a compound of interest
from the electrolyte through the ionic current that is induced
by the electrical current, for example the separation and
recovery of ammonia.[14–16]
The behavior of ions to pass through an IEM in BESs has
been the subject of study for numerous years. Rozendal et al
reported in 2006 that the use of a membrane gives rise to a pH
gradient between anolyte and catholyte due to the composi-
tion of the electrolyte and the non-ideal selectivity of this
membrane.[17] Since, the concentration of cations in the anolyte
other than protons is several orders of magnitude higher than
that of protons themselves, these are preferably transported
through the membrane in a much higher ratio compared to
protons. When protons are consumed at the cathode these are
replenished with other cations and the pH increases. From the
concentration of protons in the anode and cathode compart-
ment it can be calculated, using the Nernst equation, that for
every pH unit difference between anode and cathode the
energy loss in the electrode overpotential for every produced
electron is 59 mV.[18,19] Testing of other IEMs like anion exchange
membranes (AEM), bipolar membranes and charged mosaic
membranes showed similar behavior in the transport of other
[a] Dr. T. H. J. A. Sleutels, Dr. P. Kuntke, Prof. C. J. N. Buisman,
Dr. H. V. M. Hamelers
Wetsus, European centre of excellence for sustainable water technology
Oostergoweg 9, 8911 CC Leeuwarden, The Netherlands
E-mail: tom.sleutels@wetsus.nl
[b] Dr. A. ter Heijne, Prof. C. J. N. Buisman
Sub-department of environmental technology Wageningen University
Bornse weilanden 9, 6700 AA Wageningen, The Netherlands
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/slct.201700064
Full PapersDOI: 10.1002/slct.201700064
3462ChemistrySelect 2017, 2, 3462–3470  2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ions than protons or hydroxyl and the development of a pH
gradient between the anode and cathode compartment.[18,20,21]
Where ion transport across a membrane in the field of BESs
is often considered an energy loss, the transport of ions across
a membrane as a result of concentration differences between
two electrolytes can be harvested in the form of electrical
energy. This technology is generally being referred to as salinity
gradient energy or Blue Energy.[14,22,23] To harvest this energy,
fresh and salt water are alternately flown through a compart-
ment that is separated by an AEM on one side, and a CEM on
the other. These membrane pairs (AEM and CEM) are stacked
together, giving multiple compartments which are at the ends
clamped together using two electrodes. Due to the concen-
tration gradient, and the consequent potential difference,
between fresh and salt water, the ions tend to move from the
salt towards the fresh water. Because of the presence of the
IEM, the ions can only move in one direction, the anions
through the AEM and the cations through the CEM. This
separation of charge can be harvested in an electrochemical
reaction at the electrodes where the chemical potential differ-
ence can be transferred into electrical potential.
Similar to salinity gradient energy, in a BES, a concentration
gradient develops between anode and cathode that could
benefit the energy production, since the concentration of
protons in the anolyte is generally higher than in the cathode.
In theory, one would expect that this would result in energy
recovery via the Donnan potential over the membrane,
however in practice, this is not measured. The findings of these
two fields of research thus seem to contradict.
To understand this seemingly contradiction, we analyze and
elucidate the origin and mechanisms of the energy losses in a
BES. To understand this mechanism, it is important to
distinguish between energetic losses occurring at the electro-
des (overpotential due to pH gradient) and the energetic losses
due to ion transport (membrane potential). We will describe
the ideal situation (perfectly selective membrane) in which only
protons are transported and from that explain the non-ideal
behavior of these systems. We use theory and experimental
data to describe the origin of the energetic losses related to ion
transport in BESs.
Theory
Ion transport through ion exchange membranes
When current is produced by the electroactive biofilm,
electrons flows from the anode to the cathode through the
external electrical circuit. At the same time, protons are
produced in the anodic oxidation reaction that, following the
rules of electroneutrality, have to compensate for this transport
of negative charge. Therefore, the sum of fluxes of the ionic
charge (jions) through the membrane is equal to the produced
current density (je)
je ¼ jions ð1Þ
The total ion transport through the membrane consists of
the transport of counter ions (opposite charge to the
membrane) and co-ions (equal charge to the membrane).[24]
This ion transport causes an electroosmotic flow of water
through the membrane. Water transport through the mem-
brane can be important because it changes the concentration
of ions in the electrolyte and thereby the energetic efficiency of
the ion transport.
The flux of ions (Jions) through the membrane is described
by the Nernst-Planck equation which is determined by (i) the
concentration gradient of the specific ion and (ii) the electric
field together with the charge of the specific ion[25]
Jions ¼ D rcþ
Fzc
RT
rEð Þ
 
ð2Þ
Where D is the diffusivity of the chemical species (m2 s1), c
is the concentration of the ionic species (mol L1), R is the
universal gas constant (8.314 Jmol1 K1), T is the absolute
temperature (K) and rE is the electric field of the electrolyte (V
m1) through which the ions move.
The migration term is determined by the electric field of
the electrolyte (and membrane) and describes the energy
change of ions of a specific charge moving through this field.
When a positive ion moves through a negative field it
dissipates energy while it gains energy when it moves through
a positive electric field. For anions this is opposite, anions
dissipate energy when they move through a positive field and
gain energy when they move through a negative field.[25]
For the matter of simplification, in this manuscript we only
distinguish between protons (H) and hydroxyl ions (OH) and
the total concentration of other cations (K) and other anions
(A). K is chosen for cations, since K+ is the most dominant
cation, while in fact it also includes the total amount of Na+,
NH4
+, Ca2+ and Mg2+. The anions (A) include Cl, PO43 (and
HPO4
2 and H2PO4
), HCO3
 (and CO3
2), Acetate and SO4
2.
From start–up to steady–state conditions
A full description of the experiments is given in the supporting
information. Experiments were performed by applying a
constant voltage (either 1 or 0.8 V) to a Microbial Electrolysis
Cell (MEC). At the start of the experiment, when anolyte and
catholyte have the same pH, the concentration of protons (H) is
equal in both anode and cathode. When closing the electric
circuit, electrons flow from anode to cathode and consequently
positive charge will move through the CEM. Since the
concentration of K in the anolyte is about 10,000x higher than
the concentration of H, K is the preferred species to be
transported (Figure 1 A). Figure 1B shows the situation after a
certain time period, before steady-state is reached. We see an
elevated K concentration in the cathode as a result of cation
migration, and a lower H concentration, due to the continuous
reduction of protons in the cathode, compared to the initial
situation. In this stage a combination of H and K is transported
through the CEM. Finally, Figure 1C shows the steady-state
concentrations, where the concentration of all cations (K) has
reached such a high level that for K the migration term is in
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equilibrium with the diffusional term. Therefore, it becomes
energetically more favorable to transport H, compared to
transporting K against its concentration gradient.
For the AEM, the final composition at steady-state is shown
in Figure 1D. To reach this steady state, first mostly cations (co-
ion transport) are transported from anode to cathode.
Although the membrane is positively charged, the cations
contribute mostly to the charge transport in this phase. This is
confirmed by the composition of the catholyte which finally
consists of ~45 mM (see Table 1) of positive charge equiva-
lents.[26] In the final stage, the concentration of OH has reached
such a high level in the cathode, as a result of proton
consumption in the cathode reaction, that, in steady-state, OH
becomes the sole ion responsible for charge transport through
the AEM.
For both IEM steady-state conditions are being reflected in
a constant pH gradient (constant pH in both anode and
cathode), conductivity and current density within all parts of
the system. These steady-state conditions have previously
extensively been described in Sleutels et al (2013).[26]
The membrane potential can be calculated from the anolyte
and catholyte composition
As described by equation 3 the ion transport is determined by
the potential for migration and the potential for diffusion. The
energy the transported ions dissipate or gain during transport
through the ion exchange membrane is determined by the
membrane potential and the direction of transport. A positive
ion (H or K) gains energy when it moves through a membrane
Figure 1. Development of the pH gradient
in time. A) shows the concentrations of
protons and other cations (K) at the start
of an experiment. B) Due to the flowing
current mostly K will be transported to the
cathode where still protons are consumed.
Finally, C) shows that the concentration of
K becomes so high in the cathode that it
becomes energetically favorable to trans-
port protons only. D) shows the final
conditions for the AEM. Reaching steady-
state mostly other anions are transported
through the membrane until it reaches the
point that only hydroxyl is transported
through the AEM.
Table 1. Practical conditions for all experiments (potentials and concentrations of H, OH, K and A. The numbers for K and A are a summation of all positive
species (for K) and negative species (for A).
Applied voltage / V Ean /
V vs Ag/AgCl
Ecat /
V vs Ag/AgCl
Ha /
mol L1
Hc /
mol L1
Ka /
mol L1
Kc /
mol L1
CEM 1 -0.34 -1.15 6.8 107 2.0 1014 4.6 102 0.65
0.8 -0.40 -1.06 1.1 107 3.0 1014 4.6 102 0.55
OHa /
mol L1
OHc /
mol L1
Aa /
mol L1
Ac /
mol L1
AEM 1 -0.35 -1.16 2.3 109 0.68 4.0 102 8.2 102
0.8 -0.39 -1.10 1.1 107 0.13 4.1 102 0.12
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with a positive potential from anode to cathode, while it
dissipates energy when moving through a membrane with a
negative potential from anode to cathode. For an anion (OH or
A) this is opposite; it gains energy when moving through a
membrane with a negative potential and dissipates energy
when moving through a membrane with a positive potential.
The membrane potential (Emem) is determined by the
difference in concentration of ions in the anode (ma) and the
concentration of ions in the cathode (mc), which can be
calculated using the Nernst equation
Emem ¼
RT
nF
ln
ma
mc
 
ð3Þ
With ma=Ha + Ka and mc=Hc + Kc
Where Ha and Hc are the concentrations of protons in the
anolyte and catholyte respectively, Ka and Kc are the concen-
trations of other cations in the anolyte and catholyte.
The membrane potential can be calculated as the difference
of the two Donnan potentials (EDa and EDc) on each side of the
membrane.[25] These two Donnan potentials are in turn
determined by the difference in chemical potential of the
electrolyte and the chemical potential of the ions inside the
membrane
Emem ¼ EDa  EDc ð4Þ
When we consider K as the total amount of other cations
present, besides H, in solution and thus the membrane, the
composition of ions inside the membrane is determined by the
charge of the membrane (X) and can be described by
X þ Hma þ Kma ¼ 0  X þ Hmc þ Kmc ¼ 0 ð5Þ
Where Hma and Hmc are the concentrations of protons inside
the membrane on the anolyte and catholyte side respectively,
Kma and K
m
c are the concentrations of other cations in the
membrane on the anolyte and catholyte side. For the AEM
where anions are being transported, A represents all other
anions in solution next to OH which is the ion being
transported in steady-state, the following is valid
X þ OHma þ Ama ¼ 0  X þ OHmc þ Amc ¼ 0 ð6Þ
Where OHma and OH
m
c are the concentrations of hydroxyl
inside the membrane on the anolyte and catholyte side
respectively, Ama and A
m
c are the concentrations of other anions
inside the membrane on the anolyte and catholyte side.
Applying these conditions, EDa and EDc can be calculated using
CEM :EDa ¼
RT
F
ln
Ha þ Ka
X
 
and EDc ¼
RT
F
ln
Hc þ Kc
X
 
ð7Þ
AEM :EDa ¼
RT
F
ln
OHa þ Aa
X
 
and EDc ¼
RT
F
ln
OHc þ Ac
X
 
ð8Þ
Where X is the total charge of the membrane (Table 1 in
supporting information) which is equal to the concentration of
counter ions inside the membrane and is determined by the
ion exchange capacity (IEC; in meq g1 dry1) and swelling
degree (s; in %) of the membrane. This charge inside the
membrane determines the distribution of ions inside the
membrane, which is equal but of opposite charge compared to
the membrane itself. Experimentally determined values for
these membrane properties can be found in Table 1 in the
supporting information. Together with the total concentration
of ions in the electrolyte, H and K for the CEM and OH and A
for the AEM, the charge inside the membrane determines the
membrane potential.
The energy applied to the system is used to drive the
reactions at the electrodes and to transport ions
The overall amount of work an MEC can perform as a result of
the applied voltage, is not only determined by the difference in
energy level of the electrons produced and consumed, but also
by the difference in energy of the ions moving through the
electrolyte (and thus through the membrane). So, the energy
provided to the system through the applied voltage (Eapp) is
divided over the equilibrium voltage (Eeq), which is determined
by the anode and cathode reactions, the internal resistance
(Rint) and the current density (J).
Eapp ¼ Eeq  JRint ð9Þ
When the anode and cathode potentials are calculated at
the actual conditions, the internal resistance of the system is,
almost entirely, determined by the ion transport through the
system. The anode and cathode potentials can be calculated
using
With Ecat ¼ E0cat þ
RT
nF
ln
Hc
2
pH2
 
and Ean ¼ E0an þ
RT
nF
ln pCO2
Ha½ n
Ac½ 
 
ð10Þ
Combining and rewriting the equations above gives
(11)
Where RTF ln
Hc
Ha
 
describes the losses due to the actual pH at
the electrodes and EHc  EHa
 	
describes the additional losses
due to the membrane potential (as described above). This
membrane potential can also be measured as the difference
between the reference electrode in the anode compartment
and the reference electrode in the cathode compartment.[27,28]
For simplification, we assume here that the only potential
change during ion transport through the membrane is due to
the transport of counter-ions. The transport of co-ions and
water through the membrane is neglected.[29] Therefore, the
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Nernst-Planck equation describes the transport of H and K
through the CEM and OH and A through the AEM.
Potential change of ions is determined by the selectivity of
the membrane
To study the effect of ion transport on the membrane and thus
energetic efficiency of the system we have a closer look at the
potential changes for the transported ions under steady-state
conditions. First, we examine a system with a CEM. As
explained before (Figure 1), reaching steady-state a high
concentration of K accumulates in the cathode and only
protons are transported through the membrane (Figure 2).
When we calculate the membrane potential using these ion
concentrations (equation 4) we can see that the concentration
of K in the cathode is a dominant factor in determining the
membrane potential. This membrane potential would therefore
be negative and not positive as it would be when only taking
the H concentrations into account. A negative membrane
potential implies that it would require energy to transport a
positive ion like H through the CEM while the transport of the
same ion (H) would gain energy when calculating the
membrane potential based on the concentration of H. Due to
this negative membrane potential, the energy lost in the
electrode reactions, due to the pH gradient, is not regained in
the membrane ion transport. Instead, an additional amount of
energy, on top of the pH gradient, is lost for ion transport
because the membrane potential is not determined by H but
by K.
The potential losses that occur in the system can be better
understood by looking at all the changes in potential that
occur within the system (Figure 2 and equation 11). The total
potential applied to the system is depicted as Eapp. This is the
total amount of potential energy that is available to transport
one mol of charge from anode to cathode. At the anode
electrons are formed at a certain potential from the substrate
(Ean) and at the same time protons are formed, also at a certain
potential (EHa). At the cathode the protons react with electrons
at a certain potential (Ecat). The difference between the anode
and cathode potential is the minimum potential that has to be
applied to have these reactions proceed (Eemf). The potential of
the proton reacting at the cathode is determined by the
Figure 2. Steady-state ion concentrations in anolyte and catholyte in an MEC with a CEM and the consequent potential changes for the electrons and protons
that are being produced and transported.
Figure 3. Steady-state ion concentrations in anolyte and catholyte in an MEC with an AEM and the consequent potential changes for the electrons and protons
that are being produced and transported.
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concentration of protons in the cathode, which is negligibly
low at pH 13. The difference in potential of the protons being
produced at the anode and consumed at the cathode is
determined by the difference in concentration of these protons
(and thus by the pH difference). This potential loss is generally
referred to as the pH gradient potential loss (EpH). In steady-
state, protons are the only species transported through the
membrane. For these protons to move from anode to cathode,
they have to cross a membrane with a negative potential, that
exists because of the gradient in concentration of K. In this
transport, the protons loose an additional amount of potential
because of the negative membrane potential, on top of the
potential lost as pH related overpotential at the electrodes.
For the MEC with an AEM the steady-state conditions are
somewhat different from the system with a CEM. As can be
seen in Figure 1D (and Table 1), around half of the anions in the
catholyte are hydroxyl ions, while the other half consist of other
anions. If we would calculate the membrane potential for this
electrolyte composition, we can see that this membrane
potential would still be, to a large extent (around 50%
(Table 1)), determined by the hydroxyl ions and only partly by
the other anions. This is different from the CEM, where other
cations than protons are dominant for membrane potential.
This membrane potential for the AEM is negative, which implies
that negative ions gain energy when they are transported
through this membrane. Therefore, the difference in pH
between anode and cathode, and its consequent chemical
potential difference can partly be recovered in the negative
potential of the negative ions moving through a membrane
with a negative potential, resulting in lower potential losses
across an AEM than across a CEM.
In analogy to the MEC with the CEM, a potential is applied
to the cell, which is used to drive all the processes in the
system. The electrons are produced at a potential from the
substrate and consumed again to form hydrogen gas at
another potential. The difference between anode and cathode
potential, again is the Eemf. The potential at which the OH is
produced and consumed is again related to the pH through
the dissociation constant of water (Kw=10
14). Therefore, the
difference in the potential at which OH is produced at the
cathode and the potential at which OH is consumed at the
anode gives the pH gradient related losses. Part of these losses
are regained in the transport of hydroxyl over the membrane
with a negative potential. The entire pH gradient losses would
be regained if the membrane potential was only determined by
the OH in the cathode. However, due to the presence of the
other anions, this potential is much lower than the value based
on the pH gradient (~50% see Table 1).
Results and discussion
Two MECs, one with a CEM and one with an AEM, were
operated at two different applied voltages of 1.0 and 0.8 V,
until they reached steady-state conditions in ion transport
through the membrane. At these conditions, the system with
the CEM produced 2.7 A m2 at 0.8 V and 7.2 A m2 at 1.0 V
while the system with the AEM produced 4.8 A m2 at 0.8 V and
10.2 A m-2 at 1.0 V (Table 1). The performance of these systems
was reported before in Sleutels et al 2013.[26] Here, we elaborate
further on the performance of those systems by analyzing the
membrane potential in steady-state conditions, based on
measured ion concentrations.
Steady–state ion transport occurs through protons and
hydroxyl ions
Figure 4 shows the ratio between the total protons (and proton
carrying species as a function of pH: NH4
+, Ac, PO4
3, HPO4
2,
H2PO4
, HCO3
, H2CO3, H3PO4 and NH3) in the anode (inflow,
outflow and production) and the total electrons flowing
through the external circuit. A ratio of 1 means that all
electrons that are produced are compensated by either protons
or hydroxyl being transported through the membrane. This
ratio was calculated for both the CEM and the AEM for the MEC
operated at 2 different applied voltages of 1 and 0.8 V. All
calculated values are within a ratio of 0.87 and 1.18. and
therefore this figure confirms that the systems were at steady
state, because for the CEM most charge transport through the
membrane was through H+, while for the AEM most charge
transport was facilitated through OH.
Transport of ions is determined by the selectivity of the
membrane
Table 1 shows the practical conditions for all experiments. All
numbers for ionic species represent actual measured concen-
trations. The concentrations of protons and hydroxyl are used
to calculate the pH associated potential changes. The numbers
for K and A are a summation of all positive species (for K) and
negative species (for A). These values are then used to calculate
the actual membrane potentials.
Figure 4. Ratio of the amount of electrons being produced compared to the
ion transport through the IEM. A ratio of 1 indicates all the produced
electrons are compensated by protons (CEM) or hydroxyl (AEM) transport
through the membrane and steady-state conditions are confirmed.
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Figure 5 A gives an overview of the potential losses in the
system with a CEM and an AEM due to the pH gradient (EpH)
and the membrane potential determined by the concentration
of ions in the electrolyte (Emem). The losses at the electrodes
due to the pH difference between anolyte and catholyte can be
considered as an indirect effect of the membrane selectivity.
When the IEM would have been 100% selective for either
protons or hydroxyl, the potential lost at the electrodes due to
the pH, would be regained in the membrane potential caused
by the concentration gradient (of the protons or hydroxyl). As
explained before in the theory section, other ions are trans-
ported over the membrane due to the non-ideal selectivity of
the membrane. The concentration of these other ions, to a
large extent, determines the membrane potential. In case of
the CEM, the high concentration of other cations in the
cathode, gives an additional loss over the membrane. There-
fore, the overall amount of dissipated energy for protons going
from anode to cathode is the sum of the loss at the electrodes
due to the pH gradient and the membrane potential loss. For
the AEM, only part of the pH gradient lost at the electrodes
regained through the membrane potential. This amount of
regained potential is lower due to the presence of the high
concentration of other anions than OH in the cathode. The
overall dissipated energy for ion transport through the AEM,
therefore, is lower than the pH gradient potential loss.
Compared to the system with the CEM the dissipated energy
due to ion transport for the system with the AEM is much
lower.
Figure 5B shows the total amount of power applied to the
system through the applied voltage and the generated current
density. This figure also shows the amount of power that is
dissipated through membrane related processes. This dissi-
pated power is a combination of (i) the power that is required
to drive the electrode reactions, which is higher than the
equilibrium potential due to the pH gradient and (ii) the power
that is required for ion transport through the membrane. This
figure shows that the relative contribution of the amount of
dissipated power for the CEM is much higher compared to the
AEM.
Figure 6 shows a comparison between the overall calcu-
lated (from Figure 5 A) and the overall measured amount of
Figure 5. A
calculated values for the membrane potential and the losses related to the pH at the electrodes for experiments at an applied voltage of 1 and 0.8 V for MECs
equipped with a CEM and an AEM. In case of a perfect selective membrane the pH related loss could be regained (EpH=-Emem). In practice the overall energy
loss in the system with the CEM is higher than the pH related potential due to the additional membrane potential. In the system with the AEM part of the pH
related potential is regained in the membrane potential and therefore the overall energy loss is much lower compared to the system with the CEM. Figure 5B
The total amount of power supplied to the system and the amount of power dissipated through membrane related processes (membrane potential and pH
gradient).
Figure 6. The overall calculated potential loss compared to the overall
measured potential loss for the CEM and AEM. The dissipated energy for ion
transport in the system with the AEM is lower than in the system with the
CEM.
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potential lost in the system with the CEM and the system with
the AEM. These calculated values for the membrane potential,
together with the pH related potential loss are in the same
order of magnitude as the values measured between the two
reference electrodes in the anode compartment and in the
cathode compartment, together with the pH related potential
loss. In theory these measured values should correspond to the
calculated values. The values are calculated from the ionic
compositions of both electrolytes and under closed cell
conditions. Therefore, the main difference between these
values is caused by an additional loss for the ions being
transported from one electrode to the other (ionic losses and
concentration polarization).[30]
Implications for applying ion exchange membranes in BESs
In this paper we describe the energy losses associated with ion
transport through IEM in BESs. Due to the transport of other
ions than protons or hydroxyl a pH imbalance develops
between anode and cathode. The energetic consequences of
this pH imbalance are twofold. First, the pH of the electrolyte
directly affects the overpotential for the reactions at both
electrodes and therefore decrease the cell voltage for an MFC
and increase the required cell voltage for MECs. Second, the
presence of other ions in the cathode dominates the chemical
potential changes of the actual ion transport over the
membrane, and therefore determines the energy losses of
transport of any ion across the membrane. The concentration
of these ions on both sides of the membranes should be similar
to keep the membrane potential minimized.
The analysis presented here reconfirms that an AEM is the
most obvious choice for the use as separator in BESs based on
energy efficiency since the relative energy loss related to the
AEM compared to input (applied voltage) is much lower
compared to the CEM. However, for some purposes, like e.g.
recovery of ammonia from urine, a CEM is preferred. To be able
to limit the membrane related potential losses, the membrane
should be 100% selective. However, such a membrane is
practically not available.[31] Therefore, a more realistic strategy
seems to be to change the concentration of ions in the
electrolyte that contribute to the transport through the
membrane like for example has been shown through the
addition of CO2 to the catholyte.
[32–34] Another strategy could be
to change the concentration of ions in the electrolyte which
determine the membrane potential. In any case, a better
understanding of ion transport across ion exchange mem-
branes in the electrolytes typical for BESs and finding solutions
to reduce the ion concentration gradients across the mem-
branes are crucial to reduce the internal resistance and achieve
high energy efficiencies in BESs.
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